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Substantial experimental and theoretical efforts worldwide are devoted to explore the phase di-
agram of strongly interacting matter. At LHC and top RHIC energies, QCD matter is studied at
very high temperatures and nearly vanishing net-baryon densities. There is evidence that a Quark-
Gluon-Plasma (QGP) was created at experiments at RHIC and LHC. The transition from the QGP
back to the hadron gas is found to be a smooth cross over. For larger net-baryon densities and lower
temperatures, it is expected that the QCD phase diagram exhibits a rich structure, such as a first-
order phase transition between hadronic and partonic matter which terminates in a critical point,
or exotic phases like quarkyonic matter. The discovery of these landmarks would be a breakthrough
in our understanding of the strong interaction and is therefore in the focus of various high-energy
heavy-ion research programs. The Compressed Baryonic Matter (CBM) experiment at FAIR will
play a unique role in the exploration of the QCD phase diagram in the region of high net-baryon
densities, because it is designed to run at unprecedented interaction rates. High-rate operation is
the key prerequisite for high-precision measurements of multi-differential observables and of rare
diagnostic probes which are sensitive to the dense phase of the nuclear fireball. The goal of the
CBM experiment at SIS100 (
√
sNN = 2.7− 4.9 GeV) is to discover fundamental properties of QCD
matter: the phase structure at large baryon-chemical potentials (µB > 500 MeV), effects of chiral
symmetry, and the equation-of-state at high density as it is expected to occur in the core of neutron
stars. In this article, we review the motivation for and the physics programme of CBM, including
activities before the start of data taking in 2024, in the context of the worldwide efforts to explore
high-density QCD matter.
4I. PROBING QCD MATTER WITH HEAVY-ION
COLLISIONS
Heavy-ion collision experiments at relativistic energies
create extreme states of strongly interacting matter and
enable their investigation in the laboratory. Figure 1
illustrates the conjectured phases of strongly interacting
matter and their boundaries in a diagram of temperature
versus baryon chemical potential [1].
FIG. 1. Sketch of the phase diagram for strongly interacting
matter (taken from [1]).
Experiments at LHC and top RHIC energies explore
the QCD phase diagram in the transition region between
Quark-Gluon-Plasma (QGP) and hadron gas at small
baryon chemical potentials, where matter is produced
with almost equal numbers of particles and antiparticles.
This region resembles the situation in the early universe.
While cooling, the system hadronizes, and finally freezes
out chemically at a temperature around 160 MeV [2, 3].
This temperature coincides with the transition temper-
ature predicted by first-principle Lattice QCD calcula-
tions [4, 5], which find a smooth crossover from partonic
to hadronic matter [6]. Lattice QCD calculations for
finite baryon chemical potential are still suffering from
the so-called sign problem, which makes the standard
Monte-Carlo methods no longer applicable, and are not
yet able to make firm predictions on possible phase tran-
sitions at large baryon chemical potentials. On the other
hand, effective-model calculations predict structures in
the QCD phase diagram at large baryon chemical po-
tentials, like a critical endpoint followed by a first-order
phase transition [7–9]. The development of a mixed phase
of hadrons and quarks is e.g. predicted by a non-local
3-flavor Nambu–Jona-Lasinio model calculation of a neu-
tron star for densities around 5ρ0, with a transition to
pure quark matter above 8ρ0. This calculation is able
to reproduce a two-solar mass neutron star [10]. More-
over, a quarkyonic phase is predicted which has proper-
ties of both high density baryonic matter and deconfined
and chirally symmetric quark matter [11, 12]. Other sce-
narios discussed for matter at extreme densities include
colour-flavour locking [13] and skyrmion matter [14].
The experimental discovery of landmarks like a first-
order phase transition or a critical point in the QCD
phase diagram would be a major breakthrough in our
understanding of the strong interaction in the non-
perturbative regime, with fundamental consequences for
our knowledge on the structure of neutron star cores,
chiral symmetry restoration, and the origin of hadron
masses.
Heavy-ion collisions at moderate beam energies are
well suited to provide high net-baryon densities. This
is illustrated in Fig. 2, where the excitation energy den-
sity in the center of the collision zone is shown as a
function of the net-baryon density for central Au+Au
collisions at beam energies of 5A and 10A GeV as pre-
dicted by several transport models and a hydrodynamic
calculation [15, 16]. The excitation energy is defined as
∗(t) = (t)−mNρ(t) with (t) the energy density and
mNρ(t) the mass density. The solid lines correspond to
the time evolution of the system; they turn in a clockwise
sense, and the dots on the curves labelled UrQMD and
QGSM correspond to steps of 1 fm/c in collision time.
The dashed lines enclose the expected region of phase
coexistence [17].
According to these model calculations, the density in
the center of the fireball exceeds 6 times saturation den-
sity ρ0 at a beam energy of 5A GeV, and at 10A GeV even
a density above 8ρ0 is reached. At such densities, the nu-
cleons are expected to fuse and form large quark bags.
The calculations predict that the dense fireball spends
a comparatively long time within the phase coexistence
region at energies around 5A GeV and goes beyond this
region with increasing beam energy.
High-density matter as produced in nuclear collisions
at FAIR energies also opens the possibility to search for
multi-strange hypernuclei. Experimental data on such
objects are very scarce; detailed studies of their produc-
tion will give information on the hyperon-hyperon inter-
action which is essential for the understanding of cores
of neutron stars. Models predict the FAIR energy range
to be particularly well suited for such studies. This also
holds for the search for exotic composite objects carry-
ing multiple units of strangeness like kaonic clusters or
multi-strange di-baryons, the existence of which is still
an open issue in high-energy physics.
In conclusion, the systematic and comprehensive ex-
ploration of the QCD phase diagram in the region of
high-net baryon densities using heavy-ion collisions at
SIS100 beam energies (up to 11A GeV for Au ions) and
measuring diagnostic probes never observed before in this
energy regime will have a large discovery potential. In
particular, the CBM experiment operated at intermedi-
ate beam energies will be able to address the following
fundamental questions:
• What is the equation of state of QCD matter at
high net-baryon densities, and what are the rele-
vant degrees of freedom at these densities? Is there
a phase transition from hadronic to quark-gluon
matter, or a region of phase coexistence? Do ex-
otic QCD phases exist?
5FIG. 2. Time evolution of the excitation energy density ∗
versus the net-baryon density ρ in the center of the fireball
for central Au+Au collisions at beam energies of 5A GeV (up-
per panel) and 10A GeV (lower panel) calculated by various
transport codes and a hydrodynamic model [15, 16]. The ex-
citation energy density is defined as ∗ = −mNρ (see text).
The full symbols on the curves for UrQMD and QGSM in-
dicate time steps of 1 fm/c. The dashed lines enclose the
regions of phase coexistence [17]. The yellow zone denotes
post-freezeout streaming.
• To what extent are the properties of hadrons mod-
ified in dense baryonic matter? Are we able to find
indications of chiral symmetry restoration?
• How far can we extend the chart of nuclei towards
the third (strange) dimension by producing single
and double strange hypernuclei? Does strange mat-
ter exist in the form of heavy multi-strange objects?
The focus of the CBM experiment at FAIR is to study
observables related to the physics cases mentioned above.
The equation-of-state can be studied by measuring (i)
the collected flow of identified particles, which is gener-
ated by the density gradient of the early fireball, and
(ii) by multi-strange hyperons, which are preferentially
produced in the dense phase of the fireball via sequen-
tial collisions. A phase transition from hadronic to par-
tonic matter is expected to cause the following effects: (i)
multi-strange hyperons are driven into equilibrium at the
phase boundary; (ii) in case of a first-order phase transi-
tion, the excitation function of the fireball temperature
– measured by the invariant-mass spectra of lepton pairs
– should reflect a caloric curve. A possible critical point
should produce event-by-event fluctuations of conserved
quantities such as strangeness, charge, and baryon num-
ber. Modifications of hadron properties in dense bary-
onic matter and the onset of chiral symmetry restora-
tion affect the invariant-mass spectra of di-leptons. The
measurement of (double-Λ) hyper-nuclei will provide in-
formation on the hyperon-nucleon and hyperon-hyperon
interaction which will shed light on the hyperon puzzle
in neutron stars.
A more detailed discussion of the relation between the
various physics cases and observables is presented in sec-
tion IV of this article, together with a review of the cur-
rent data situation and the discovery potential of the
CBM experiment. Before, we give a brief overview of
the experimental landscape in section II and of the CBM
detector in section III. A general introduction into the-
oretical concepts and experimental programmes devoted
to the exploration of the QCD phase diagram at high
net-baryon densities can be found in the CBM Physics
Book [16].
II. EXPERIMENTS EXPLORING HIGH
NET-BARYON DENSITIES
Most of the experimental observables which are sen-
sitive to the properties of dense nuclear matter, like
the flow of identified (anti-) particles, higher moments
of event-by-event multiplicity distributions of conserved
quantities, multi-strange (anti-) hyperons, di-leptons,
and particles containing charm quarks are extremely
statistics-demanding. Therefore, the key feature of suc-
cessful experiments will be rate capability in order to
measure these observables with high precision. The ex-
perimental challenge is to combine a large-acceptance
fast detector and a high-speed data read-out system with
high-luminosity beams.
The QCD phase diagram at large baryon chemical po-
tentials has been explored by pioneering heavy-ion ex-
periments performed at AGS in Brookhaven and at low
CERN-SPS beam energies. Because of the then available
detector technologies these measurements were restricted
to abundantly produced hadrons and to di-electron spec-
tra with strongly limited statistics. At the CERN-SPS,
the NA61/SHINE experiment continues to search for the
first-order phase transition by measuring hadrons using
light and medium heavy ion beams [18]. This detector
setup is limited to reaction rates of about 80 Hz. The ex-
6isting HADES detector at SIS18 measures hadrons and
electron pairs in heavy-ion collision systems with reaction
rates up to 20 kHz. The STAR collaboration at RHIC has
performed a beam energy scan from top energies down
to
√
sNN = 7.7 GeV, and plans to improve the statis-
tical significance of the data in a second beam energy
scan [19]. At beam energies above
√
sNN = 20 GeV, the
reaction rates of STAR are limited to about 800 Hz by
the TPC read-out, and drop down to a few Hz at beam
energies below
√
sNN = 8 GeV because of the decreas-
ing beam luminosity provided by the RHIC accelerator.
At the Joint Institute for Nuclear Research (JINR) in
Dubna, the fixed-target experiment BM@N is being de-
veloped at the Nuclotron to study heavy-ion collisions
at gold beam energies up to about 4A GeV. Moreover,
at JINR the Nuclotron-based Ion Collider fAcility NICA
with the Multi-Purpose Detector (MPD) is under con-
struction [20]. The NICA collider is designed to run at
a maximum luminosity of L = 1027cm−2s−1 at collision
energies between
√
sNN = 8 and 11 GeV corresponding
to a reaction rate of 6 kHz for minimum bias Au+Au col-
lisions. The interaction rate at NICA decreases to about
100 Hz because of low luminosity at
√
sNN = 5 GeV.
The Facility for Antiproton and Ion Research (FAIR),
currently under construction in Darmstadt, will offer the
opportunity to study nuclear collisions at extreme in-
teractions rates. The FAIR Modularized Start Version
(MSV) comprises the SIS100 ring which provides ener-
gies for gold beams up to 11A GeV (
√
sNN = 4.9 GeV),
for Z=N nuclei up to 15A GeV, and for protons up to
30 GeV. In order to reach higher energies, a booster ring
is needed. The space for this second accelerator is already
foreseen in the ring tunnel building. The rate capabilities
of existing and planned heavy-ion experiments are pre-
sented in Fig. 3 as a function of center-of-mass energy.
The research program on dense QCD matter at FAIR
will be performed by the experiments CBM and HADES.
The HADES detector, with its large polar angle accep-
tance ranging from 18 to 85 degrees [21], is well suited
for reference measurements with proton beams and heavy
ion collision systems with moderate particle multiplici-
ties, i.e. Ni+Ni or Ag+Ag collisions at the lowest SIS100
energies. Electron pairs and hadrons including multi-
strange hyperons can be reconstructed with HADES.
The CBM detector [16] is a fixed target experiment
designed to run at extremely high interaction rates up
to 10 MHz for selected observables such as J/ψ, at 1-
5 MHz for multi-strange hyperons and dileptons, and at
100 kHz without any online event selection. The CBM
detector system will accept polar emission angles between
2.5 and 25 degrees in order to cover mid-rapidity and the
forward rapidity hemisphere for symmetric collision sys-
tems over the FAIR energy range. The combination of
high-intensity beams with a high-rate detector system
and sufficient beam time provides worldwide unique con-
ditions for a comprehensive study of QCD matter at the
highest net-baryon densities achievable in the laboratory.
FIG. 3. Interaction rates achieved by existing and planned
heavy-ion experiments as a function of center-of-mass en-
ergy [20, 22–24]. “STAR FXT” denotes the fixed-target op-
eration of STAR. High-rate experiments are also proposed at
JPARC [25] and at SPS [26], but these are still in a conceptual
stage.
III. THE CBM EXPERIMENT AT FAIR
As discussed above, the SIS100 energy range is well
suited to produce and to investigate strongly interact-
ing matter at densities as they are expected to exist in
the core of neutron stars. This opens the perspective to
study the fundamental questions raised above with a ded-
icated experiment which is ideally suited to measure rare
diagnostic probes of dense matter with high accuracy. In
the following we discuss the detector requirements and
highlights of the physics program.
The CBM detector has been designed as a multi-
purpose device which will be capable to measure hadrons,
electrons and muons in elementary nucleon and heavy-ion
collisions over the full FAIR beam energy range. There-
fore, no major adjustments have to be made to optimize
the experiment for SIS100 beams. A staging scenario is,
however, foreseen for some detector systems and for the
DAQ system.
In order to perform high-precision multi-differential
measurements of rare probes the experiment should run
at event rates of 100 kHz up to 10 MHz for several months
per year. To filter out weakly decaying particles like hy-
perons or D mesons, no simple trigger signal can be gen-
erated. Instead, the full events have to be reconstructed,
and the decay topology has to be identified online by
fast algorithms running on a high-performance comput-
ing farm hosted by the GSI GreenIT cube. To utilize
maximum rates, the data acquisition is based on self-
triggered front-end electronics.
The CBM experimental setup is depicted in Fig. 4 and
comprises the following components:
7FIG. 4. The CBM experimental setup together with the HADES detector (left). Each setup has its own target. During
HADES operation, the beam will be stopped by a beam dump in front of CBM. The CBM components are described in the
text. For muon measurements, the RICH will be exchanged by the MuCh which is shown in a parking position to the right of
the beam axis.
• a superconducting dipole magnet,
• a Micro Vertex Detector (MVD) consisting of four
layers of silicon monolithic active pixel sensors,
• a Silicon Tracking System (STS) based on double-
sided silicon micro-strip sensors arranged in eight
stations inside a dipole magnet,
• a Time-of-Flight wall (TOF) based on Multi-
Gap Resistive Plate Chambers (MRPC) with low-
resistivity glass,
• a Ring Imaging Cherenkov (RICH) detector com-
prising a CO2 radiator and a UV photon detector
realized with multi-anode photomultipliers for elec-
tron identification,
• a Transition Radiation Detector (TRD) for pion
suppression, particle tracking, and identification
using specific energy loss,
• a Muon Chamber (MuCh) system for muon iden-
tification consisting of a set of gaseous micro-
pattern chambers sandwiched between hadron ab-
sorber plates made of graphite and iron,
• an Electromagnetic Calorimeter (ECAL) for the
measurement of photons,
• a Projectile Spectator Detector (PSD) for event
characterization,
• a First-Level-Event-Selection (FLES) system for
online event reconstruction and selection.
The preparation of the experiment is well advanced.
The Technical Design Reports (TDRs) of the Dipole
Magnet, the STS, the TOF wall, the RICH, the MuCh
and the PSD have been approved [27–32], and the TDRs
of the MVD, the TRD and the FLES are in progress.
According to the schedule, the CBM experiment will be
ready to take the first beams from SIS100 in 2024.
IV. PROBES OF HIGH-DENSITY QCD
MATTER
The theoretical understanding of the properties of
strongly interacting matter at large net-baryon densi-
ties is still poor. The scientific progress in this field
is mainly driven by new experimental results. Owing
to the complexity of the final state of heavy-ion reac-
tions, the extraction of significant information requires
systematic measurements like excitation functions, sys-
tem size dependencies and multi-differential phase-space
distributions of identified particles, including flow, event-
by-event fluctuations, and other types of correlations.
This task is even more challenging for high-statistics mea-
surements of rare and penetrating probes. In the follow-
ing we discuss the most promising observables in some
detail.
A. Collectivity
The collective flow of hadrons is driven by the pres-
sure gradient created in the early fireball and pro-
8vides information on the dense phase of the colli-
sion (for an overview, see [33, 34] and references
therein). Flow effects can be characterized by the az-
imuthal distribution of the emitted particles dN/dφ =
C (1 + v1 cos(φ) + v2 cos(2φ) + ...), where φ is the az-
imuthal angle relative to the reaction plane, and the co-
efficients v1 and v2 represent the strengths of the directed
(in-plane) and the elliptic flow, respectively. At SIS100
energies, the proton flow has been measured between 2A
and 10.7A GeV in Au+Au collisions [35]. These data
have been compared to the results of transport model
calculations in order to extract information on the nu-
clear matter equation of state (EOS) [36]. Moreover, a
large flow of kaons has been observed in Au+Au collisions
at 6A GeV [37]. At SIS18 (1A - 2A GeV), exploratory
measurements of kaon flow have been performed by the
FOPI and KaoS experiments [38, 39].
Recently, the STAR collaboration has measured the
directed flow for protons and antiprotons [40] and the el-
liptic flow for particles and antiparticles [19] in Au+Au
collisions at energies from
√
sNN = 62.4 GeV down to√
sNN = 7.7 GeV. Figure 5 shows the measured slope of
the directed flow of antiprotons, protons and net-protons
together with the results of an UrQMD calculation. The
directed flow is sensitive to the details of the phase tran-
sition, the softening of the QCD matter EOS, and is
an important observable for clarifying the role of par-
tonic degrees of freedom [41]. Transport models such as
UrQMD are challenged to reproduce details of the energy
dependence and magnitude of the v1 slope measured by
STAR.
Figure 6 depicts the measured difference in elliptic flow
v2 for particles and antiparticles as a function of center-
of-mass energy. The difference increases with increasing
particle mass towards lower collision energies. This v2
splitting was attributed to effects of the mean-field po-
tential in both the partonic and the hadronic phase [42].
On the other hand, it was argued that the baryon chem-
ical potential is the determining factor for the observed
particle type dependent splitting in v2 [43].
At the lowest collisions energy of the RHIC beam-
energy scan, which is close to the SIS100 energy range,
v2 measurements are only available for pions, protons,
antiprotons, charged kaons, and (with poor precision)
Λ/Λ. The CBM experiment will therefore dramatically
improve the data situation by measuring the flow of iden-
tified particles in the FAIR energy range, including multi-
strange hyperons and di-leptons. Of particular interest
is the flow of particles not significantly suffering from
rescattering like Ω hyperons or φ mesons, for which no
experimental data exist. These measurements will sig-
nificantly contribute to our understanding of the QCD
matter equation-of-state at neutron star core densities.
FIG. 5. Directed flow slope dv1/dy near mid-rapidity versus
beam energy for intermediate-centrality Au+Au. Panels (a),
(b) and (c) depict measured antiprotons, protons, and net
protons, respectively, along with UrQMD calculations (grey
bands) [40].
FIG. 6. The difference in elliptic flow between particles and
their corresponding antiparticles (see legend) as a function of√
sNN for 10% - 40% central Au+Au collisions as measured
by the STAR collaboration at RHIC [19]. The systematic
errors are indicated by the brackets. The dashed lines in the
plot are fits with a power-law.
9B. Event-by-event fluctuations
Event-by-event fluctuations of conserved quantities
such as baryon number, strangeness and electrical charge
can be related to the thermodynamical susceptibilities
and hence provide insight into the properties of matter
created in high-energy nuclear collisions. Lattice QCD
calculations suggest that higher moments of these distri-
butions are more sensitive to the phase structure of the
hot and dense matter created in such collisions. Non-
Gaussian moments (cumulants) of these fluctuations are
expected to be sensitive to the proximity of the critical
point since they are proportional to powers of the corre-
lation length, with increasing sensitivity for higher-order
moments.
Measurements of event-by-event fluctuations have been
performed by the NA49, PHENIX and STAR collabora-
tions in order to search for the QCD critical point [44–
49]. Recent results from STAR are shown in Fig. 7, which
depicts the volume-independent cumulant ratio κσ2 (ex-
cess kurtosis times squared standard deviation) of the
net-proton multiplicity distribution as a function of the
collision energy, measured in Au+Au collisions [50, 51].
In the absence of a critical point, this quantity is found
to be constant as a function of collision energy in vari-
ous model calculations [52–55]. The presence of a critical
point is expected to lead to a non-monotonic behaviour
of the κσ2 observable [56, 57]. For the most central colli-
sions the STAR-BES data exhibit a deviation from unity
at the lowest measured energy as expected for a critical
behaviour. These results clearly call for a high-precision
measurement of higher-order fluctuations at lower beam
energies in order to search for the peak in κσ2.
FIG. 7. Energy dependence of the product κσ2 (excess
kurtosis times variance) of the net-proton multiplicity dis-
tribution (yellow circles) for top 0-5% central Au+Au colli-
sions. The Poisson expectation is denoted as dotted line at
κσ2 = 1 [50, 51].
Up to date no higher-order event-by-event fluctua-
tions have been measured at SIS100 energies. The
CBM experiment will, for the first time, perform a
high-precision study of higher-order fluctuations at var-
ious beam energies in order to search for the elu-
sive QCD critical point in the high net-baryon den-
sity region:
√
sNN = 2.7 – 4.9 GeV corresponding to
µB ' 800 – 500 MeV.
As recently pointed out, large clusters of nucleons
might be important for the critical behaviour in the high
net-baryon density region [58]. In addition, the density
fluctuations arising from the criticality can also be ac-
cessed via the measurements of the yields of light nu-
clei such as deuterons, assuming coalescence to be the
production mechanism. Precise measurements of the en-
ergy dependence of light nuclei production will further
aid and complement to the critical point searches at the
high baryon density region at FAIR.
C. Strangeness
Particles containing strange quarks are important
probes of the excited medium created in heavy-ion colli-
sions [59–61]. At top SPS energy strange hadrons, in-
cluding Ω and Ω, appear to be produced in chemical
equilibrium [62]. The equilibration of in particular Ω
baryons could not be understood in terms of hadronic
two-body relaxation processes in the limited life time of
the fireball. It was thus taken as strong indication that
the system had undergone a transition from a partonic
phase to the hadronic final state, with the equilibration
being driven by multi-body collisions in the high particle
density regime near the phase boundary [63].
Agreement of the Ω baryon yield with thermal model
calculations was found also at 40A GeV in Pb+Pb col-
lisions at the SPS [64], although the data statistics is
rather poor. In the AGS (SIS100) energy range, only
about 300 Ξ− hyperons have been measured in Au+Au
collisions at 6A GeV [65]. Figure 8 depicts the yield of
hadrons measured in Ar + KCl collisions at an energy
of 1.76A GeV together with the result of a statistical
model calculation [66]. The measured yield of Ξ− hyper-
ons exceeds the model prediction by about a factor of 20,
indicating that Ξ− is far off chemical equilibrium. High-
precision measurements of excitation functions of multi-
strange hyperons in A+A collision with different mass
numbers A at SIS100 energies will allow to study the de-
gree of equilibration of the fireball, and, hence, open the
possibility to find a signal for the onset of deconfinement
in QCD matter at high net-baryon densities.
According to hadronic transport models, which do not
feature a partonic phase, multi-strange (anti-)hyperons
are produced in sequential collisions involving kaons and
lambdas, and, therefore, are sensitive to the density in
the fireball. This sensitivity is largest at lower beam en-
ergies close to or even below the production threshold in
elementary collisions, and is expected to shed light on
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FIG. 8. Yield of hadrons measured in Ar + KCl collisions
at an energy of 1.76A GeV by the HADES collaboration (full
symbols). The horizontal bars represent a fit by a thermo-
statistical model [66].
the compressibility of nuclear matter.
The CBM experiment will open a new era of multi-
differential precision measurements of strange hadrons
including multi-strange (anti-) hyperons. The expected
particle yields are sufficient to study with excellent sta-
tistical significance the production and propagation of
heavy strange and anti-strange baryons up to Ω+ in dense
nuclear matter. Also excited hyperon states can be iden-
tified. Moreover, it will be possible to study hyperon-
nucleon and hyperon-hyperon correlations in order to ex-
plore the role of hyperons in neutron stars, which is of
utmost importance with respect to the difficulty to recon-
cile the measured masses of neutron stars with the pres-
ence of hyperons in their interiors, the so-called hyperon
puzzle [67].
D. Lepton pairs
Di-leptons emitted in collisions of heavy ions offer the
unique opportunity to investigate the microscopic prop-
erties of strongly interacting matter [68, 69]. Virtual pho-
tons are radiated off during the whole time evolution of a
heavy-ion collision. Once produced, they decouple from
the collision zone and materialize as muon or electron
pairs. Hence, leptonic decay channels offer the possibil-
ity to look into the fireball and to probe the hadronic
currents of strongly interacting systems in a state of high
temperature and density. For example, the low-mass con-
tinuum in the invariant mass spectrum of lepton pairs
(M < 1 GeV/c2) probes the in-medium ρ spectral func-
tion as this meson saturates, according to vector meson
dominance, the hadronic current in a hadron resonance
gas [70]. Moreover, the excess yield of lepton pairs in
this energy range is sensitive to both the temperature
of the created matter and its lifetime (or more precisely
its space-time extension). This observable is expected
to be a measure of the fireball lifetime and to be sen-
sitive to chiral symmetry restoration [71]. The slope of
the dilepton invariant mass distribution between 1 and
2.5 GeV/c2 directly reflects the average temperature of
the fireball [72]. This measurement would also provide in-
dications for the onset of deconfinement and the location
of the critical endpoint. The flow of lepton pairs as func-
tion of their invariant mass would allow to disentangle ra-
diation of the early partonic phase from the late hadronic
phase [73–76]. No di-lepton data have been measured in
heavy-ion collisions at beam energies between 2A and
40A GeV.
The CBM experiment will perform pioneering multi-
differential measurements of lepton pairs over the whole
range of invariant masses emitted from a hot and dense
fireball. According to model calculations, various pro-
cesses will contribute to the measured yield as shown in
Fig. 9 [77]. The thermal radiation includes a broadened
in-medium ρmeson [78–82], radiation from the QGP [83],
and dileptons from multi-pion annihilation [71, 72]. The
latter reflects ρ-a1 chiral mixing and therefore provides
a direct link to chiral symmetry restoration. The exper-
imental challenges are the very low signal cross sections,
decay probabilities of the order of 10−4, and the high
combinatorial background. According to simulations, it
will be possible to identify di-leptons in the relevant in-
variant mass regions with a signal-to-background ratio
of at least S/B = 1/100. In this case one needs about
10000 signal pairs in order to determine the yield with a
statistical accuracy of 10%. The expected signal yield in
10 weeks of running the CBM experiment is higher by a
factor of 100 – 1000, depending on beam energy.
A very important part of the CBM research program
will be the high-precision measurement of the di-lepton
invariant mass distribution between 1 and 2.5 GeV/c2 for
different beam energies. With respect to top SPS, RHIC
and LHC energies, the contribution of di-leptons from
Drell-Yan processes or correlated charm decays, which
also populate this mass region, are dramatically reduced
at a beam energy of 20A GeV as demonstrated in Fig. 9
(note that at SIS100 energies these processes will con-
tribute even less). This allows to access directly the
fireball temperature and a contribution from ρ-a1 chiral
mixing. The precise measurement of the energy depen-
dence of the spectral slope opens the unique possibility
to measure the caloric curve, which would be the first
direct experimental signature for phase coexistence in
high-density nuclear matter. The excitation function of
the fireball temperature T extracted from the intermedi-
ate dilepton mass range, as calculated within the coarse-
graining approach [86], is shown in Fig. 10 (red dotted
curve). The dashed violet curve in Fig. 10 shows a specu-
lated shape of T as function of collision energy, where the
temperature saturates over a broad energy range. The
flattening (plateau) of the caloric curve would clearly in-
dicate a first-order phase transition, similar to the one
presented as evidence for the liquid-gas phase transition
in nuclear matter [87].
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FIG. 9. Invariant-mass spectrum of e+e− pairs radiated
from a central Au+Au collision at 20A GeV. The solid red
curve shows the contribution of the thermal radiation which
includes in-medium ρ, ω, 4-pi spectral functions and QGP
spectrum calculated using the many-body approach of [77].
The freeze-out hadron cocktail (solid grey curve) is calcu-
lated using the Pluto event generator [84] and includes two-
body and Dalitz decays of pi0, η, ω, and φ. Contributions
of Drell-Yan (green solid curve) and correlated open charm
(solid violet curve) have been simulated based on [85].
In order to extract the continuum di-lepton signals, the
physical and combinatorial background of lepton pairs
has to be precisely determined, which is notoriously dif-
ficult. Since the background sources of electrons and
muons are fundamentally different, independent mea-
surements in both the di-electron and in the di-muon
channel are decisive for the understanding of the system-
atic errors.
E. Charm
Particles containing charm quarks are expected to be
created in the very first stage of the reaction, and, there-
fore, offer the possibility to probe the degrees-of-freedom
over the entire collision history [89]. Depending on their
interaction with the medium, the charm and anti-charm
quarks hadronize into D mesons, charmed baryons, or
charmonium. The suppression of charmonium due to
colour screening of the heavy quark potential in the de-
confined phase has been the first predicted signature for
quark-gluon plasma formation [90]. Charmonium sup-
pression was first observed in central Pb+Pb collisions
at 158A GeV [91], and then also found in experiments at
RHIC [92] and LHC [93]. No data on open and hidden
charm production in heavy-ion collisions are available at
beam energies below 158A GeV. Moreover, the interpre-
tation of existing data is complicated by lacking knowl-
FIG. 10. Excitation function of the fireball temperature
T extracted from intermediate dilepton mass distributions
as calculated with a coarse-graining approach (dotted red
curve) [86]. The dashed violet curve corresponds to a spec-
ulated shape with phase transition occurring in the SIS100
energy range. The black triangle corresponds to the temper-
ature as measured by the NA60 collaboration at SPS [88].
edge of interactions between charmed particles and the
cold hadronic medium [94].
With CBM at SIS100, charm production will be stud-
ied for the first time at beam energies close to production
threshold. At these energies, the formation time of char-
monium is small compared to the lifetime of the reaction
system. CBM is thus uniquely suited to study the inter-
actions between fully formed J/ψ and the dense medium
with appropriate counting statistics and systematics.
Systematic measurements of charmonium in p+A col-
lisions with varying target mass number A at proton en-
ergies up to 30 GeV will shed light on the charmonium in-
teraction with cold nuclear matter and constitute an im-
portant baseline for measurements in nuclear collisions.
Moreover, the simultaneous measurement of open charm
will give access to the basically unknown charm produc-
tion cross section at or near the kinematic threshold.
Based on simulations with the HSD event generator [95],
the yield of D mesons and charmonium expected in p+A
collisions at SIS100 energies after a run of 10 weeks varies
between 104 and 106, depending on proton energy, and
is sufficient to perform a multi-differential analysis.
CBM will also extend the measurement of the J/ψ
as probe of the hot medium to the lower energies. At
SIS100, charmonium will be measured in collisions of
symmetric nuclei up to 15A GeV and, more challenging
even, below threshold in Au+Au collisions at 10A GeV.
Model predictions of the J/ψ multiplicity in this energy
range vary widely. Taking the prediction of the HSD
model [95], the yield obtained in one week of running at
an interaction rate of 10 MHz would be about 300 J/ψ
for central Au+Au collisions at 10A GeV, and about 600
J/ψ for central Ni+Ni collisions at 15A GeV. In the latter
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case, also open charm production can be studied. How-
ever, because of the rate limitations of the MVD which
is needed to select the D meson decay vertex, the mea-
surement will be performed at a rate of 300 kHz. As
a result, the expected yield in central Ni+Ni collisions
at 15A GeV will be about 30 D mesons per week. This
would be sufficient for an analysis of charmonium prop-
agation and absorption in dense baryonic matter based
on the ratio of hidden to open charm.
F. Hypernuclei and strange objects
Thermal model calculations predict the production of
single and double hypernuclei in heavy-ion collisions [96].
The results of these calculations are shown in Fig. 11
demonstrating that the excitation function of hypernu-
cleus production exhibits its maximum in the SIS100 en-
ergy range. This is due to the superposition of two ef-
fects: the increase of light nuclei production with decreas-
ing beam energy, and the increase of hyperon production
with increasing beam energy.
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FIG. 11. Energy dependence of hypernuclei yields at midra-
pidity for 106 central collisions as calculated with a thermal
model. The predicted yields of 3He and 4He nuclei are in-
cluded for comparison [96].
The CBM experiment at SIS100 will measure hydrogen
and helium hypernuclei in huge amounts. Moreover, the
experiment has a substantial discovery potential for light
double-Λ hypernuclei. According to Fig. 11, in 1 million
central Au+Au collisions the hypernuclei 5ΛΛH and
6
ΛΛHe
will be produced at a beam energy around 10A GeV with
a yield of about 5 and 0.1, respectively. Assuming a re-
action rate of 106 central events/s, a branching ratio of
10% for two sequential weak decays, and an efficiency of
1%, one would expect to measure within one week about
3000 5ΛΛH and 60
6
ΛΛHe, respectively. Such measurements
would represent a breakthrough in hypernucleus physics,
as up to now only very few double-Λ hypernuclei events
have been found [97]. The discovery of (double-) Λ hyper-
nuclei and the determination of their lifetimes will pro-
vide information on the hyperon-nucleon and hyperon-
hyperon interactions, which are essential ingredients for
the understanding of the nuclear matter equation-of-state
at high densities, and, hence, of the structure of neutron
stars [98].
According to a coupled transport-hydro-dynamics
model, the high baryon densities created in heavy-ion
collisions at FAIR energies favour the distillation of
strangeness [99]. The model predicts the production
of hypernuclei, strange di-baryons, and multi-strange
short-lived objects. These predictions open the exciting
perspective to explore the formation of composite ob-
jects with multiple strangeness in heavy-ion collisions at
SIS100 energies.
V. EXPERIMENTS WITH CBM DETECTORS
IN “FAIR PHASE 0”
The start version of the CBM experiment will be ready
to take the first beam from SIS100 in the year 2024.
However, several detector and software components will
be ready earlier. Therefore, it is planned to install
some of these components in existing heavy-ion exper-
iments at other laboratories. The benefits of these ef-
forts are manifold: The additional detectors will improve
the performance of the experiments, the CBM detectors
and their readout chain will be commissioned and cali-
brated, the reconstruction and analysis software will be
tested and advanced on real data, and members of the
CBM collaboration will participate in data taking and
analysis, thereby maintaining experience in performing
physics measurements and educating the next generation
of young physicists. The projects are briefly sketched in
the following.
The photon detector of the RICH detector in
HADES will be replaced by modern Multi-Anode Photo-
Multipliers (MAPM) which have been ordered for the
CBM RICH detector. The CBM RICH detector com-
prises 1100 MAPMs out of which 428 will be installed
in HADES. The new detector will substantially improve
in particular the di-lepton pair efficiency for small open-
ing angles, and, hence, the electron identification per-
formance of the HADES experiment for the intermedi-
ate research program at GSI between 2018 and the start
of FAIR. After commissioning of CBM, a part of the
MAPMs will be shared by both experiments applying
an alternating running scenario.
About 10% of the TOF-MRPC modules will be in-
stalled at the STAR detector at RHIC. They will serve
as an endcap TOF-wall in order to increase the particle
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identification capability at forward rapidities. According
to current planning, 36 CBM TOF modules housing 108
MRPC detectors will cover an active area of about 10 m2
and comprise 10.000 read-out channels. An installation
of a prototype module is planned already for fall 2016 and
is necessary in order to develop the interface of the dif-
ferent data acquisition systems of CBM and STAR. The
installation of the full set of MRPC detector modules is
planned to start in spring 2018 allowing the participa-
tion in the Beam-Energy Scan II at RHIC in 2019/20,
where STAR will run both in the collider and the fixed
target mode. Although the interaction rates will be rel-
atively low, the CBM system will be exposed to particle
multiplicities close to the ones expected for running at
SIS100. For STAR the extension of acceptance is vital to
improve the particle identification coverage for a number
of interesting bulk observables like the rapidity density
of antiprotons, the directed and elliptic flow of protons
and pions, and the measurement of event-by-event fluc-
tuations of net-baryons. Also for the strangeness pro-
gram targeting among others on the v2 measurement of
φ mesons, visible contributions of the CBM-TOF subsys-
tem are anticipated. CBM members will gain operational
experience in running the subsystem and will be involved
in the data analysis and physics publications.
The CBM track finding algorithm based on the Cellu-
lar Automaton will be used in data production as well
as in the High-Level Trigger (HLT) of the STAR exper-
iment. Similarly, the KF Particle package for the analy-
sis of short-lived particles will be used for online event
selection and offline physics analysis in STAR. These
new algorithms will improve the track reconstruction ef-
ficiency and the data processing speed, and will enable
online physics analysis on the STAR HLT computer farm
equipped with many-core CPUs and accelerator cards.
The reconstruction algorithms will be used by the ALICE
experiment at CERN as well. CBM members will thus
take part in data taking, physics analysis and in publica-
tions of these experiments.
Four prototype stations of the CBM Silicon Tracking
System (STS) are considered to be installed in the future
fixed-target experiment BM@N at the Nuclotron at JINR
in Dubna. The construction of the stations is planned as
a joint venture of the CBM-STS group and the BM@N
collaboration. The silicon stations will significantly in-
crease the track reconstruction efficiency in particular for
low particle momenta, and, therefore, improve the per-
formance for the identification of multi-strange hyperons,
which are the most important observables of the physics
program of BM@N. The participation in this experiment
will be very valuable in commissioning the CBM Sili-
con detector itself and for the development of tracking
and physics analysis strategies under experimental con-
ditions. Data taking with Au-beams of energies up to
4.5A GeV at moderate rates is planned from 2018 – 2021.
A number of tests of the CBM Projectile Spectator De-
tector (PSD) components are planned and/or currently
ongoing at the NA61/SHINE facility. The readout elec-
tronics, the response of the hadron calorimeter modules,
and the PSD performance for collision geometry determi-
nation (centrality and event plane) are being under inves-
tigation with a similarly designed PSD of NA61/SHINE.
At GSI/SIS18 we plan to install a setup consisting of
full-size CBM detector modules including the data read-
out chain up to the GreenIT cube to perform system tests
with high-rate nucleus-nucleus collisions. These measure-
ments will allow to optimize the performance of the de-
tectors under experiment conditions and to test the free-
streaming data transport including the online event selec-
tion on a high-performance computing cluster. The goal
is to reduce the time for CBM commissioning at SIS100.
The setup will be installed in 2017/2018.
VI. CONCLUSIONS
In heavy-ion collisions at beam energies available
at SIS100, model calculations predict the creation of
strongly interacting QCD matter at extreme values of
density, similar to neutron star core densities. This of-
fers the opportunity to explore the QCD phase diagram
in the region of high net-baryon densities, to study the
equation of state, to search for phase transitions, chi-
ral symmetry restoration, and exotic forms of (strange)
QCD matter with a dedicated experiment.
The CBM detector is designed to measure the collec-
tive behaviour of hadrons, together with rare diagnostic
probes such as multi-strange hyperons, charmed parti-
cles and vector mesons decaying into lepton pairs with
unprecedented precision and statistics. Most of these
particles will be studied for the first time in the FAIR
energy range. In order to achieve the required precision,
the measurements will be performed at reaction rates up
to 10 MHz. This requires very fast and radiation hard
detectors, a novel data read-out and analysis concept in-
cluding free streaming front-end electronics, and a high
performance computing cluster for online event selection.
Several of the CBM detector systems, the data read-out
chain and event reconstruction will be commissioned and
already used in experiments during the FAIR phase 0.
The unique combination of an accelerator which de-
livers a high-intensity heavy-ion beam with a modern
high-rate experiment based on innovative detector and
computer technology offers optimal conditions for a re-
search program with substantial discovery potential for
fundamental properties of QCD matter.
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